Grapevine is a perennial crop often cultivated by grafting a scion cultivar on a suitable rootstock. Rootstocks influence scions, particularly with regard to water uptake and vigor. Therefore, one of the possibilities to adapt viticulture to the extended drought stress periods is to select rootstocks conferring increased tolerance to drought. However, the molecular mechanisms associated with the ability of rootstock/scion combination to influence grape berry metabolism under drought stress are still poorly understood. The transcriptomic changes induced by drought stress in grape berries (cv. Pinot noir) from vines grafted on either 110R (drought-tolerant) or 125AA (drought-sensitive) rootstock were compared. The experiments were conducted in the vineyard for two years and two grape berry developmental stages (50% and 100% veraison). The genome-wide microarray approach showed that water stress strongly impacts gene expression in the berries, through ontology categories that cover cell wall metabolism, primary and secondary metabolism, signaling, stress, and hormones, and that some of these effects strongly depend on the rootstock genotype. Indeed, under drought stress, berries from vines grafted on 110R displayed a different transcriptional response compared to 125AA-concerning genes related to jasmonate (JA), phenylpropanoid metabolism, and pathogenesis-related proteins. The data also suggest a link between JA and secondary metabolism in water-stressed berries. Overall, genes related to secondary metabolism and JA are more induced and/or less repressed by drought stress in the berries grafted on the drought-sensitive rootstock 125AA. These rootstock-dependent gene expression changes are relevant for berry composition and sensory properties.
INTRODUCTION
Grapevine is one of the most economically important fruit species worldwide.
1 Grapevine development and ripening are sensitive to environmental factors' and climate change can potentially influence yield, berry composition, 2 and phenology, 3 consequently affecting the viticulture suitability, especially in Mediterranean regions. 4 Among the parameters affected by climate change, water availability drastically limits the distribution and the yield of grapes around the world. 5, 6 The progress made at molecular level concerning gene expression, transcriptional regulation, and signal transduction has improved our understanding of the regulatory networks that control the plant responses to water deficit. 7 Considering grapes, genomic approaches have been used to promote large-scale mRNA expression profiling studies of water and salinity stress. 5, 8, 9 Among the different abiotic stresses that affect grapevine, only water deficit, at a moderate level, have been used in a positive way to improve flavor and quality characteristics in grape berries. 10 Significant biochemical changes occurring in berries subjected to water stress may influence berry flavor and composition. 9, 11 The total anthocyanin content of water-stressed berries increase 9, 11, 12 probably due to the upregulation of genes encoding dihydroflavonol-4-reductase (DFR), leucoanthocyanidin dioxygenase (LDOX), UDP-glucose flavonoid 3-O-glucosyltransferase (UFGT), and VvMybA1. 13 In parallel with flavonoid induction, sugars also accumulate more under water stress conditions. 9, 11, 12 Furthermore, both abscisic acid (ABA) and sugar signaling might affect berry ripening. 11, [13] [14] [15] [16] Concerning amino acid biosynthesis, the accumulation of numerous transcripts associated with glutamate and proline (PRO) biosynthesis is upregulated by water deficit. 9 Scion cultivars differ in their response to water stress. For instance, under water stress, flavonol content and flavonol synthase transcripts at ripening stage were higher in Chardonnay than in Cabernet Sauvignon. 9 The ABA metabolic pathway was affected for both cultivars, but interestingly, under water restriction, ABA concentration was also higher in Cabernet Sauvignon than in Chardonnay.
Currently, almost all vineyards over the world are grafted on rootstocks which are hybrids of three species: Vitis berlandieri, V. riparia, and V. rupestris. In addition to phylloxera resistance, grapevine rootstock genotypes are characterized by the vigor they confer to the scion, which may influence yield, 17 grape berry quality, 18 berry size, sugar content, anthocyanins, and organic acids 19, 20 under different irrigation treatments. 12 The characterization of the hydraulic features of Vitis rootstocks showed a tight correlation between the vigor conferred by the rootstock and the expression of aquaporins (VvPIP2-1, VvPIP2-2) under well-watered conditions.
Grafting induces massive transcriptional modifications in the shoot apical meristem of the grape scion. 22 The selection and breeding of rootstocks improving water use efficiency is one of the key strategies to face climate change. Nevertheless, scion-rootstock interactions, especially under drought stress, are poorly documented at the molecular level. Although some pathways or enzymes affected by water deficit in grape berry have been characterized in the literature, to date no study aimed to evaluate the combined impact of rootstock and water stress on gene expression in the berries in field conditions. In our previous work, two different rootstock genotypes differing in their degree of tolerance to water stress, 110R (drought tolerant) and 125AA (drought sensitive) grafted with the same scion (cv. Pinot noir) were exposed to water limitation in the field, during three years (2009, 2010, and 2011) . 23 Due to yearly climate variations, the grapes only underwent a significant water stress in 2009 and 2010, and years 2009 and 2010 were therefore selected for detailed metabolite analysis. Under control conditions, predawn leaf water potential (Y PD ) did not differ between the two rootstocks, and was stable at about 20.10 MPa at harvest for both growing seasons. A weak to moderate water deficit for the two stressed rootstocks was observed during both seasons, with no significant differences of Y PD between stressed rootstocks for both years. 23 Water stress did not significantly affect berry mass, yield, sugar and organic acids concentration but increased anthocyanin concentration of the berries regardless of the rootstock. Furthermore, the data showed that the berry amino acid concentration at harvest depended on interactions between water supply and rootstocks.
In the present study, a genome-wide transcriptomic approach (microarray) was used to identify ontology categories and genes that were differentially expressed in grape berry grafted on 110R vs. 125AA under water stress, with a special focus on categories linked with grape berry quality.
MATERIALS AND METHODS

Field conditions and sampling
Grape berries from Pinot noir (Vitis vinifera) grafted on rootstocks Richter 110 (V. rupestris 3 V. berlandieri) and Kober 125AA (V. riparia 3 V. berlandieri), were sampled from field-grown vines at two different developmental stages (E-L 35 and E-L 36) according to the modified Eichhorn and Lorenz developmental scale, 24 during two growing seasons (2009 and 2010). Vines were trained using a vertical shoot positioning system. The experimental vineyard belongs to the University of Geisenheim (49 6 599N, 7 6 579W, Germany). Twenty rows of Pinot noir were selected, with an average of 17 plants per row.
Two water conditions were established for the vines grafted on the two rootstocks: control (C) and water stress treatment (S). To impose water stress, half the rows of the vineyard chosen were covered with a removable plastic film from flowering onwards, covering completely the width of the inter-row on both sides of the plants during rainy days. Water stress was applied to the upper part of the vineyard (slope with 6-7% of inclination) and the control was situated at the lower part. Additional details about the training system, ripeness parameters (total soluble solids, titratable acidity, anthocyanins) were published previously. 23 Three biological replicates (each including 85 berries from 17 plants per row) for each condition were collected in the vineyard. Sampling was carried out at two berry developmental stages, including 50% veraison when 50% of the berries of a cluster changed their color, and 100% veraison when all berries of a cluster colored. Berries were immediately frozen in liquid nitrogen and stored at 280 6 C for further RNA extraction and gene expression analysis.
RNA extraction
Total RNA from berries of Pinot noir grafted onto 110R and 125AA was extracted as previously described. 25 Seeds of each berry were removed before grinding in liquid nitrogen. Total RNA was subjected to DNA digestion with five units of RNase-free DNase I (Promega) for 1 h at 37 6 C. RNA integrity was measured at 260 nm with a micro-spectrophotometer (NanoDrop 200C, NanoDrop products, Wilmington, USA) and visualized by electrophoresis on 1.2% agarose gels. RNA quality was also confirmed using a lab-on-chip (2100 Bioanalyzer, Agilent Technologies, Santa Clara, CA, USA). The RNA obtained was then used for quantitative polymerase chain reaction (qPCR) and microarray analysis.
Quantitative RT-PCR
Quantitative real-time PCR expression analysis was carried out using the CFX96 Real-Time PCR Detection system (Bio-Rad). For each sample, reverse transcription was performed with 2 mg of purified RNA using the Moloney murine leukemia virus reverse transcriptase (Promega) according to the manufacturer's instructions. The cDNA obtained was diluted (1/20) in distilled water. Ten mL reaction mixes were prepared, that included 5 mL of iQTM SYBR Green Supermix (Bio-Rad), 0.2 mM of each primer and 2 mL of diluted berry cDNA. Gene transcripts were quantified upon normalization to VvGAPDH and VvEF1c according to. 26 Samples from 2009 and 2010 (12 samples for each treatment and rootstock combination) were tested with three technical replicates for each biological sample, and SD values of means were calculated using standard statistical methods. Specific oligonucleotides primer pairs were designed with Beacon Designer 7 software (Premier Biosoft International). Specific annealing of the oligonucleotides was controlled by dissociation kinetics performed at the end of each PCR run. The efficiency of each primer pair was measured on a PCR product serial dilution. Quantitative RT-PCR primer sequences are listed in Table S1 .
Microarray experiment and analyses
The microarrays used were the grape whole-genome microarrays from NimbleGen microarrays 090818 Vitus exp HX12 (Roche, NimbleGen Inc., Madison, WI, USA), representing 29.549 genes based on the 12x genome assembly, using the grapevine V1 gene model predictions (http://genomes.cribi.unipd.it). The chip probe design is available at the following address, http://ddlab.sci.univr.it/FunctionalGenomics. The microarray contains 118.015 probes with an average of four probes per gene. The correspondence between probe identifiers and gene identifiers was obtained from http://genomes.cribi.unipd.it/. All the samples were hybridized following a complete randomized factorial design to take into account the variability through the glass-slide microarrays for broader statistical inference. 27 Microarray hybridizations were done for 48 samples (two rootstock 3 two phenological stages 3 two years 3 two treatments 3 three biological replicates) by the Plateforme Biopuces (Institut National des Sciences Appliqué es, Toulouse, France) according to the manufacturer's instructions.
Microarray data were analyzed using the R 28 and R/Bioconductor softwares. 29 Quality control was done using the ArrayQualityMetrics package, 30 and identified outliers were excluded from further analyses. Data were rma normalized 31 and differentially expressed genes between stressed and control samples as well as stressed/control differentials between 110R and 125AA rootstocks were identified using the Limma package. 32 Differentials with absolute fold changes above 1.5 and P-values below 0.05 were considered significant. Significantly affected gene categories were identified using a Wilcoxon rank sum test in R and the MapMan Ontology. 33, 34 Differentials for the different categories were visualized using PageMan. 35 MapMan mappings for the Cribi 12X grapevine genome are based on closest homologs regarding to the Arabidopsis thaliana genome. Concerning results presented in the Tables and Supplemental Tables, each sequence corresponding to the ID indicated was manually blasted (blast n) against NCBI database. Microarray data have been deposited in the NCBI GEO database with accession number GSE66391.
RESULTS AND DISCUSSION
Differential gene expression triggered by water stress The transcriptomic study was performed at two developmental stages that correspond to E-L 35 (50% veraison) and E-L 36 (100% veraison). Indeed, earlier studies reported that veraison corresponds to a key transcriptional reprogramming stage of cellular metabolism that determines most of the phenotypic traits of the ripe berry. 36, 37 RNA were extracted from berries sampled in 2009 and 2010 on 110R and 125AA plants grown under either control and water stress conditions. Venn diagrams (Figure 1 ) shows that at E-L 35, more genes were affected in berries grafted in 110R than in berries grafted on 125AA, while the reverse was true at E-L 36. The proportion of upregulated genes shared for both years ranged between 10 and 30% of the total number of upregulated genes, except for E-L 36 125AA, where this figure drops down to less than 10%. Among the genes differentially expressed for both years, more genes were upregulated than downregulated by water stress, except for E-L 36 125AA. The proportion of downregulated genes shared for both years is 10-20% ( Figure 1) . Tables 1 and 2 detail the ontology categories that were identified by Wilcoxon rank sum test as more significantly affected by water stress than other categories at E-L 35 and E-L 36, respectively. For berries grafted on both rootstock genotypes and for both years studied, water stress affected mostly the same categories ('cell wall,' 'lipid metabolism,' 'secondary metabolism,' 'aromatic amino acid metabolism,' 'stress,' 'regulation of transcription,' 'signaling,' etc.). However, this analysis also underlines some specificity due to the rootstock. Indeed, at E-L 35, some categories were specifically affected for 125AA for both years. These included genes related to 'major and minor carbohydrate metabolism,' 'TAG metabolism,' 'aspartate metabolism,' 'flavonoids dihydroflavonols,' 'jasmonate (JA) metabolism,' 'biotic stress,' or 'UDP glucosyltransferases' (Table 1 ). In contrast, at the same stage, and for both years, transcript abundance of genes involved in 'flavonoids flavonols,' 'polyamine synthesis,' or 'receptor kinases' are more particularly affected in berries grafted on 110R (Table 1) . At E-L 36, functional categories specifically affected in berries grafted on 125AA, encompass gene related to 'cellulose synthesis' and 'receptor kinases LRR' ( Table 2 ). In contrast, the categories 'PS light reactions,' 'fatty acid metabolism,' 'flavonols,' 'glutathione S transferases,' and 'ribosomal proteins' were specifically affected in 110R only (Table 2) . Altogether, the data show that water stress strongly impacts gene expression in the berries, through major categories that cover cell wall metabolism, secondary metabolism, signaling, stress, and hormones, and that some of these effects strongly dependent on the rootstock genotype.
Some of the genes differentially expressed under water deficit for both years are detailed in supplemental Tables S2 (110R at E Differential gene expression triggered by water stress between the berries grafted on the two rootstocks In order to highlight the effect of rootstock under drought stress conditions on the transcriptional response of the berries, the ratios 110R-stressed (S)/110R-control (C) vs. 125AA-S/125AA-C were compared by using the relation log2(110R-S/110R-C) -log2(125AA-S/ 125AA-C). A positive ratio (log2(110R-S/110R-C) -log2(125AA-S/ 125AA-C)) means that genes are more induced or less repressed by drought stress in berries grafted on 110R (abbreviated: '110R' condition) in comparison to berry grafted on 125AA (abbreviated: '125AA' condition). Conversely, a negative ratio (log2(110R-S/110R-C) -log2(125AA-S/125AA-C)) means that genes are more induced or less repressed by drought stress in 125AA berries than in 110R berries.
Using Wilcoxon rank sum test, we identified functional categories differentially affected among the genes differentially expressed between 110R and 125AA under drought stress (Table 3) . Interestingly, genes involved in secondary metabolism (phenylpropanoid and flavonoids), hormone metabolism (JA), and biotic stress response (pathogenesis-related proteins (PR proteins)) were among the highest differentially expressed genes (P-value , 0.05) for both years (2009 and 2010) and both developmental stages (E-L 35 and E-L 36; Table 3 ).
The next section will describe and discuss the functional categories cited above. Given that some differences in amino acid composition were described earlier with these samples, 23 we will also detail the genes related to amino acid metabolism. Some of the genes differentially expressed in the microarray data were con- Table S6 . The direction of gene expression changes could generally be repeated by qPCR; however, the magnitude of change was frequently increased in the qPCR data.
Effects of rootstock genotype on phenolic compounds metabolism under water deficit The phenolic compounds derived from the shikimic acids pathway are precursors of simple phenols, lignin, flavonoids, isoflavonoids, coumarin, and stilbenes. Polyphenolic compounds play an important role in the quality of grapes and wines. 38 Flavonoids are important determinants of quality in red grapes and wines. Color and taste of red wines are strongly related to the amount of anthocyanins, flavonols, and proanthocyanidins. Many of these phenolics may be beneficial for human health. 39 Our transcriptomic data agree with previous observations according to which water deficit affects phenylpropanoid metabolism and increases the berry concentration in anthocyanins and other phenolics. 10, 11, 40 Furthermore, we show that the effects of water deficit on the expression of genes of this family in the berries depend on the rootstock. Indeed, the Pageman representation shows that, overall, genes from the functional category 'secondary metabolism' (more particularly phenylpropanoids and flavonoids) are more induced or less repressed by drought stress in berries grown on the drought-sensitive rootstock 125AA compared to the drought-tolerant rootstock 110R, except for E-L 36 developmental stage in 2009 ( Figure 2A ).
Both water deficit in the field and postharvest dehydration increase the accumulation of phenylalanine ammonia lyase (PAL) transcripts 8,9,41 which may indicate a general activation of the phenylpropanoid pathway. No evidence for any significant differential regulation of PAL genes between 125AA and 110R was found. However, other genes involved in the first steps of the phenylpropanoid pathway are differentially expressed between 110R and 125AA under drought stress: a 4-coumarate-CoA ligase (4CL, Vv18s0001g00290) and a trans-cinnamate 4-monooxygenase (C4H, Vv11s0078g00290) in E-L 35 2010 (Table 5 ) and E-L 36 2009 (Table 6 ), respectively. The C4H gene is the most differentially affected by water deficit between the two rootstocks due to both its upregulation (1.6X) in 110R stressed berries coupled with a downregulation (2X) in 125AA stressed berries (Table 6 ; Figure 2A ). In addition to the upstream steps, downstream steps of the phenylpropanoid pathway were also affected. Water deficit accelerates ripening and alters flavonoid biosynthesis, especially the anthocyanin pathway. 11 General biosynthetic genes such as DFR (Vv15s0048-g00980) and F3H (Vv07s0031g01380 and Vv16s0098g00860) were differentially expressed between 110R and 125AA in 2009 (Tables 4 and 6 ): DFR was downregulated by drought stress in 110R in comparison to 125AA for E-L 35 (Table 4) . At E-L 36, F3H genes were more downregulated by drought stress in 125AA than in 110R (Table 6 ). Besides these general biosynthetic genes, genes related to anthocyanin modification (including flavonoid 3959-hydroxylase and O-methyltransferase) can also be upregulated in water stressed berries. 13 Our results further show that the rootstocks also participated in the control of genes related to anthocyanins modification, more particularly anthocyanin 3-O-glucoside-69 -O-malonyltransferase (Vv12s0134g00590), UDP rhamnose-anthocyanidin-3-glucoside-rhamnosyltransferase (Vv19s0014g02020, Vv15s0046g01960, Vv00s0218g00190) and cyanidin-3-O-glucoside-2-O-glucuronosyltransferase (Vv04s0044g01530; Tables 4-6). Rootstock genotype and grape berry response to water stress M Berdeja et al Flavonols, which are also products of the flavonoid biosynthetic pathway, contribute to the bitter taste and color of red wine by stabilizing anthocyanin pigments. 38 Deficit irrigation moderately affects flavonol synthesis in red grapevines 42 and Chardonnay. 8, 9 Like anthocyanins, changes induced by water deficit affect more the range of flavonols than their global concentration. 43 In our study, two genes encoding flavonol modifying enzymes were differentially expressed between 110R and 125AA under drought stress: 8-hydroxyquercetin-8-O-methyltransferase (Vv12s0028g02890) and quercetin-3-O-methyltransferase (Vv15s0048g02490) at E-L 35 2009 (Table 4) .
Isoflavonoids are defense compounds mostly found in legumes 44 that may have beneficial effects in humans and animals. 45 Little information is available related to the involvement of isoflavonoids in grape ripening. IFR6 (isoflavone reductase) which catalyzes the reduction of isoflavones to isoflavonones decreases from veraison to the end of ripening. 46 Accumulation of isoflavones is promoted by well-watered conditions and long-term progressive drought significantly decreases isoflavone content, 47 but the molecular basis of this response remains elusive. Proteomic studies showed that IFR6 protein is more abundant in the pulp of berries under water-deficit stress, 48 which is in agreement with its transcript profile. 8 Our study also suggests a role for IFR in drought stress response since IFR3 (Vv07s0031g03070) in 2009 (Table 4) , IFR2 (Vv03s0088g00060), and IFR6 (Vv03s0038g04620) in 2010 (Table 5 ) are strongly differentially expressed between 110R and 125AA under water deficit at E-L 35.
Proanthocyanidins or condensed tannins are flavan-3-ol oligomers responsible for wine bitterness and astringency. Changes occurring in proanthocyanidins during grape development are Rootstock genotype and grape berry response to water stress M Berdeja et al complex, involving increases in the degree of polymerization, in the proportion of (-)-epigallocatechin extension units, and in polymerassociated anthocyanins. 49 In grapevine, both anthocyanidin reductase (ANR) and leucoanthocyanidin reductase contribute to proanthocyanidins synthesis in leaves, flowers, and in the skin and seeds of the developing fruit. 50 In seeds, water deficit does not affect ANR transcript levels. 8 The slight increases in skin tannin that accompany water deficit 51 would result more from differential growth sensitivity of the inner mesocarp and the exocarp than from direct effects on phenolic biosynthesis. 10 Our study differs somewhat from these earlier data since we found a differential expression of ANR (Vv00s0361g00030, for E-L 35 2009 and 2010 (Tables 4  and 5 )), (Vv00s0361g00040 for E-L 36 2010 (Table 7) ), and LDOX (Vv08s0105g00380, for E-L 36 2009 (Table 6 )) between 110R and 125AA under water deficit.
Lignins are cell wall phenolic heteropolymers mainly synthesized by the oxidative coupling of p-hydroxycinnamyl alcohol monomers. Lignification and biosynthesis of lignin precursors is upregulated by drought. 52 The general phenylpropanoid pathway is branched to the biosynthesis of monolignol by two enzymatic steps catalyzed by cinnamoyl-CoA reductase (CCR) and cinnamyl alcohol dehydrogenase (CAD). CAD enzyme may also be involved in the synthesis of cinnamyl alcohol derivatives responsible for fruit flavor and aroma. 53 In the present study, CAD genes are less repressed (Vv13s0019g05260) or more induced (Vv18s0001g14910) by drought stress in 125AA than in 110R berries at E-L 35 in 2009 and 2010, respectively (Tables 4 and  5 ). Another alcohol dehydrogenase (SAD, Vv00s0346g00100) was also more repressed by drought stress in 110R than in 125AA berries at E-L 35 in 2009 (Table 4) . A similar expression pattern was observed for other transcripts involved the biosynthesis of monolignols, such as caffeoyl-CoA O-methyltransferase (CCoAOMT, Vv01s0010g03460) and caffeic acid 3-O-methyltransferase (COMT, Vv18s0001g02610; Table 4 ). Both CCoAOMT and CAD transcrits were upregulated during water stress in rice 54 and Citrullus lanatus sp. 55 Another key lignin biosynthesis-related gene, HCT (Vv11s0037g00590, Vv11s0037g00590), encoding hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase, is more positively regulated by drought stress in 125AA than in 110R berries at E-L 35 for both years (Tables 4 and 5) . HCT leads to the biosynthesis of two major monolignols, namely, the guaiacyl and syringyl units. 56 In line with our results, drought treatment caused an early and biphasic expression of HcHCT in Hibiscus cannabinus.
57
Stilbenes are other nonflavonoid compounds present in small quantities in wine. 58 Their synthesis increases upon pathogen infection and in response to abiotic stress. Stilbene synthase (STS) is the key enzyme leading to the biosynthesis of resveratrol, which may be beneficial to human health. Water deficit increases the amounts of STS transcripts, which suggests an increase in resveratrol accumulation. 8 However, little effect of drought was observed on resveratrol concentrations in skins. 59 Water deficit increased the accumulation of trans-piceid (the glycosylated form of resveratrol) in Cabernet Sauvignon but not in Chardonnay berries. 60 In the present study, four genes encoding STSs were differentially expressed under water stress depending on the rootstock genotype. Two genes (Vv16s0100g00770, Vv16s0100g01140) were downregulated in 125AA berries in 2009 at E-L 36 (Table 6 ) and two others (Vv16s0100g01110, Vv16s0100g01190) were strongly downregulated in 110R berries at E-L 36 in 2010 (Table 7) .
Finally, several laccase-encoding genes were strongly differentially expressed between 110R and 125AA at both developmental stages for both years (Tables 4-7) . Laccases are widely present in eukaryotes and in prokaryotes. 61 In addition to their role in the oxidative polymerization of monolignols, they are involved in the oxidative polymerization of flavonoids. 62 Although valued in tea and wine processing, browning reactions are particularly detrimental for fresh fruits. 63 Laccases play a role in defending the plant against various biotic and abiotic stresses 64 more particularly during acclimation to salinity stress. 65 The present study identified several laccases such as LAC 15, 1a, 1, 110B, and 11 that were differentially expressed in berries grown on 110R and 125AA stressed rootstocks (Tables 4-7) . Overall, they were found to be more induced or less repressed in 125AA than in 110R berries for both years (Tables 4, 6 , and 7).
Effects of rootstock genotype on hormone metabolism under water deficit The rootstock genotype may affect JAs metabolism under water stress condition. For both years and both developmental stages, transcripts related to JAs metabolism were significantly more induced or less repressed in 125AA than in 110R berries (except for E-L 36 2009; Figure 2B ). JAs is well known to regulate responses to wounding and defense against pathogens but has also been reported to play a role in drought response. 66 For instance, JAs were found to cause stomatal closure 52 and JA-insensitive mutants (jar1 and coi1) 67, 68 show impaired stomatal response to exogenous JAs. There is a cross-talk between JAs and ABA because they use a similar cascade of events to promote stomatal closure. 68 Furthermore, a role of JAs in plant response to water deficit has been suggested because this stress induces the expression of several genes that also respond to JAs. 69 Microarray analysis in wild-type and coi1 Arabidopsis plants that were wounded or exposed to water stress reveals a surprisingly large overlap of COI1-dependent genes. Moreover, like ABA, JAs levels were increased by drought stress in soybean 70 and Pinus pinaster. 71 The same was observed with rice, for which drought and high salinity increased leaf and root JAs, resulting in the induction of stress-related PR and JAs biosynthetic genes. 72 However, these abiotic stress-induced increases in JAs levels were observed only in vegetative tissues. Whether drought conditions increase JAs levels in reproductive organs remains to be determined. Our data emphasize that JAs may play a role in grape berry acclimation during drought stress. Indeed, key JAs biosynthesis genes such as phospholipase A1 (Vv15s0021g01510), linoleate 13S-lipoxygenase (Vv06s0004g01470), and jasmonate-O-methyltransferase (Vv18s0001g12900, Vv04s0023g-02290, Vv04s0023g02240) were differentially regulated under water deficit between the drought-tolerant rootstock 110R and the drought-sensitive rootstock 125AA (Tables 4-7) .
JA compounds regulate the biosynthesis of many different types of secondary metabolites in different plant species including alkaloids, terpenoids, glucosinolates, and phenylpropanoids. 73 For instance, exposure of Hypericum perforatum L. suspension culture to JA upregulates the expression of PAL and chalcone isomerase (CHI) genes. This observation was correlated with an increased production of phenylpropanoids such as phenolic, flavanol and flavonol in JA-treated cells. 74 In Arabidopsis, JAs induce anthocyanin accumulation through the upregulation of the 'late' anthocyanin biosynthetic genes DFR, LDOX, and UFGT. 75 In grapes, JAs promote the synthesis and accumulation of stilbenes in berry cell cultures 76 and during berry development. 59 The present work pinpoints a possible link between JAs and phenylpropanoid pathway in grape berry under water-deficit condition. 59 Indeed, genes related to JA metabolism and those related to phenylpropanoid/flavonoid metabolism follow a similar expression pattern for both developmental stages and for both years (Figure 2A and 2B) . At E-L 35 (2009 and 2010) and E-L 36 (2010), the genes related to these two functional categories are more induced or less repressed in berries grafted on 125AA than on those grafted on 110R (Figure 2A and 2B) . At E-L 36 in 2009, those genes were more induced or less repressed in 110R than in 125AA berries (Figure 2A and 2B) .
Effects of rootstock genotype on pathogen-related proteins under water stress JA is a well-known inducer of PR protein during plant defense responses. 77 In grapevine, the most frequent and best characterized defense reactions to fungal infection are the accumulation of phytoalexins and pathogen-related PR proteins. 78 The latter accumulate in berries and leaves upon pathogen attack and may contribute to grapevine resistance. 79 Besides, due to their resistance to proteolysis and stability at acidic pH, PR proteins are the most abundant class of protein present in wines and adversely affect their clarity and stability.
80,81 PR proteins include 17 categories of structurally and functionally unrelated proteins, 82 some on which have been detected in grapevine under water stress conditions. 83 PR proteins designated as PR 1, 2, 3, 4, 5, 6, 10, and 14 are differentially expressed in several berry tissues. 8 The expression pattern of genes related to stress in the present study is shown in Figure 2C . Among them, the transcript abundance of some specific PR genes differed between 110R and 125AA under drought stress, e.g. PR-4 and PR1 (Tables 4-7 ). Interestingly, PR4 has been reported to be one of the markers for the JA pathway 84 and the subfamily PR-1 may be involved in the response to environmental stresses 82 such as drought stress. 85 Effects of rootstock genotype on amino acid metabolism under water stress The discussion above highlighted the functional categories differentially expressed between 110R and 125AA under drought stress for both developmental stages and both years. Our previous study, describing the effects of rootstock genotype under water stress on berry composition, revealed that specific amino acids accumulated more in 125AA than in 110R berries. 23 Even though the 'amino acid metabolism' functional category as a whole is not statistically affected (Table 3) , some genes belonging to this category display differential expression pattern between 110R and 125AA under water deficit (Tables 4-6 ). Figure 2D shows that transcripts related to 'amino acids synthesis' were more induced or less repressed in 125AA than in 110R berries in drought stress conditions. This observation fits well with our biochemical analysis showing that berries from 125AA accumulated more amino acids than 110R berries. 23 Furthermore, genes related to aromatic amino acids (AAAs) ( Figure 2D ) present the same expression pattern as the ontology categories 'secondary metabolism' (Figure 2A ) and 'hormone metabolism jasmonate' ( Figure 2B) .
First of all, our data suggest that the shikimate pathway is differentially affected between 110R and 125AA under drought stress ( Figure 2D ). It is well known that exposure of plants to various stresses generally induces the expression of genes encoding enzymes of the shikimate pathway and AAAs pathway. AAAs include phenylalanine (PHE), tyrosine (TYR), and tryptophan (TRP). This pathway also provides precursors for a variety of plant hormones, such as auxin and salicylate, as well as for a very wide range of secondary metabolites (e.g. alkaloids, flavonoids, and lignin) 86 with multiple biological functions and environmental responses. 87 TRP is a precursor of alkaloids, phytoalexins, and indole glucosinolates as well as the plant hormone auxin, whereas TYR is a precursor of isoquinoline alkaloids, pigment betalains, and quinones. 88 PHE is a common precursor of numerous phenolic compounds, including flavonoids, condensed tannins, lignans, lignin, and phenylpropanoid/benzenoid volatiles. 89 TYR and PHE are synthesized from arogenate by the key enzymes arogenate dehydrogenase and arogenate dehydratase, respectively, with the relative flux to each being tightly controlled. The partitioning between TYR and PHE is controlled by the sensitivity of arogenate dehydrogenase to feedback inhibition by TYR. 90 The present study shows a differential expression between 110R and 125AA at EL-35 concerning arogenate dehydrogenase (Vv09s0002g08030 and Vv13s0067g02120 for 2009, Vv09s0002g08060 for 2010) and arogenate dehydratase (Vv10s0116g01670 for 2009; Tables 4 and 5 ). Interestingly, arogenate dehydrogenase and arogenate dehydratase transcripts were respectively more induced and strongly more repressed in 110R berries than in 125AA berries under drought stress (Tables 4 and  5 ). This observation may partially explain that the phenylpropanoid pathway, which starts from PHE, is more active in 125AA than in 110R berries at E-L 35 under stress (Figure 2A ). Arogenate dehydrogenase genes are also differentially regulated in drought-challenged root tissues of two parental genotypes of chickpea. 91 Others genes involved in amino acids biosynthesis via the arogenate route are also differentially expressed between 110R and 125AA under drought stress at E-L 35, such as glutamate/aspartateprephenate aminotransferase (PAT, Vv14s0083g00900 for 2009) and chorismate mutase (Vv01s0010g00480 for 2010; Tables 4 and 5 ). The same is true for genes related to methionine (MET) metabolism (MET6, Vv10s0042g00970 and MMT, Vv18s0089g01290; Tables 4  and 5 ). In the literature, there are few and ambiguous data on MET accumulation under drought 92 and osmotic stress conditions. 93 Our data also reveal a differential expression for amino acid transferase (ALD1: Vv18s0001g04630 and Vv12s0055g00920; Tables 4 and 6 ). In Arabidopsis, ALD1 generates an amino acid derivative important for the activation of defense signaling, and recombinant ALD1 exhibits aminotransferase activity with a strong substrate preference for lysine. 94 No gene directly related to PRO metabolism, well known to play a role in adaptation to drought stress, was differentially expressed between 110R and 125AA. In contrast, our data reveal a differential expression of genes related to polyamines biosynthesis (ornithine decarboxylase, Vv18s0001g00740 and S-adenosylmethionine decarboxylase, Vv14s0083g00580; Tables 4 and 6 ). Polyamines (PAs) are small aliphatic amines implicated in a wide range of developmental processes and environmental stresses. 95 Remarkably, drought stress induces changes in PAs amounts that broadly correlate with drought resistance traits. 96 PAs have also been reported to play a role in grape ripening. 97 Interestingly, genes related to PAs biosynthesis (and more particularly ornithine decarboxylase) may also regulate the entire subset of pathways for glutamic acid (GLU) to arginine (ARG) and to PRO, a common osmolyte. 98 Therefore, we can hypothesize that the differences in ARG, PRO, and GLU content between 125AA and 110R under drought stress we observed in our previous study 23 could be partially due to a differential transcriptional regulation of ornithine decarboxylase (Vv18s0001g00740 ;  Tables 4 and 6 ).
Finally, under drought stress, the rootstock genotypes also impact genes related to amino acid transport (Tables 4, 5 , and 7). Plant amino acid transporters (ATFs) are classified into two superfamilies; the amino acid, polyamine, and choline transport superfamily and the ATF family superfamily. 99, 100 The ATF superfamily contains five sub-classes of transporters including the amino acid permeases (AAPs), lysine/histidine transporters (LHTs), and the PRO transporters. At E-L 35 in 2009, two AAPs (Vv00s0188g00130 and Vv04s0008g00230) were upregulated by drought stress in 125AA and downregulated in 110R (Table 4 ). In contrast, two LHTs (Vv00s0302g00030 and Vv01s0010g01490) were upregulated in 110R and downregulated in 125AA by drought stress at E-L 35 in 2010 (Table 5) .
CONCLUSIONS
Although systems biology is increasingly used to study the effects of abiotic stress in plants, 101, 102 no report has yet investigated the effects of rootstock genotype on the transcriptional response of grape berries to water deficit. The present data provide an overall view of the dynamic changes of the grape berry (cv. Pinot noir) transcriptome during drought stress for berries grafted on a Rootstock genotype and grape berry response to water stress M Berdeja et al drought-tolerant and a drought-sensitive rootstock. Although the variable environmental conditions occurring in 2009 and 2010 resulted in different levels of water stress, the comparative transcriptome analysis highlighted significant rootstock-dependent differences in the response of genes related to secondary metabolism, JA metabolism, and PR proteins for both years and both developmental stages. Among these, the changes occurring in secondary metabolism are of particular interest for selecting the rootstocks and as a consequence influencing grape berry and wine quality. Overall, genes related to secondary metabolism are more induced and/or less repressed by drought stress in the berries grafted on the drought-sensitive rootstock 125AA. Furthermore, our data also suggest that JA may play a role during a weak to moderate water stress, and may be responsible for the subsequent modulation of the secondary metabolism (e.g. stilbenes) of grape berries. There are many ways in which the genotype of the rootstock may ultimately affect gene expression in the berries. These include water and nutritional signals depending on root extension and activities, vigor, hormone signaling, physical signaling, and macromolecular signals. This comprehensive transcriptomic analysis will be very useful not only to investigate the molecular network controlling secondary metabolism during drought stress but also to explore further the molecular links between JA and secondary metabolism. 
